Abstract: A 3-Gb/s high-speed indoor visible light communication system using optical diversity schemes is presented. A double optical diversity (DOD) scheme in time and frequency is employed with selection combining (SC) on the basis of red, green, and blue (RGB) light-emitting diodes (LEDs). In the proposed scheme, the original data and the delayed versions of this data are transmitted simultaneously by multiplying with orthogonal frequency in order to create diversity effect over the transmission. In addition, RGB LEDs are used for parallel transmission of data, thus resulting in an increase in the data speed. At the receiver, color filters are used to filter out for the desired signal, and SC is performed to obtain the most probable bits. Simulation results demonstrate that the proposed scheme is robust and efficient to overcome the effect of multiple reflections with a link margin of approximately 10 dB, as compared with a conventional on-off keying (OOK) modulation scheme at a bit error rate (BER) of 10 À6 . Moreover, the scheme achieves a data rate of 3 Gb/s with a BER of 10 À6 at a signal-to-noise ratio (SNR) value of 3.6 dB over most locations in an indoor visible light communication (VLC) environment.
Introduction
Visible light communications (VLC) is a wireless communication technology that uses light emitting diodes (LEDs) for data communication [1] . VLC can be distinguished from radio-frequency (RF) communication to provide illumination plus electromagnetic interference (EMI) free and license-free communications. This attractive feature and the rapid growth of the LED lighting industry have drawn much attention from many researchers and developers for various applications of the VLC technologies [1] - [4] . As a result, the first VLC standard for wireless personal area networks (WPAN) was released in 2011 by the IEEE 802.15.7 working group [5] . This standard supports data transmission of up to 96 Mbit/s using a variety of modulation schemes that are categorized into low, moderate, and high data rate links.
Conventionally, there are two ways to generate white light with LEDs: phosphor-based white light LEDs and combined output of red, green, and blue in RGB LEDs. The phosphor-based white-light LEDs have a limited modulation bandwidth, thus restricting a modulation rate of the VLC systems [2] . RGB LEDs are, however, able to provide higher modulation bandwidth, thus offering higher data rates [6] . In fact, there has been a practical limitation imposed by a small 3 dB modulation bandwidth of LEDs. However, this limitation has recently been eased with LEDs having a larger modulation bandwidth. It is known that while fulfilling illumination requirements, LEDs can theoretically have a 3 dB bandwidth of up to 2 GHz [7] , [8] . As an example, a GaAs/AlGaAs LED with an optical modulation bandwidth of 1.7 GHz has been fabricated by a group of researchers [9] . Therefore, the impracticality associated with high-speed VLCs is deemed invalid.
RGB LEDs have been utilized to increase the data speed in the form of parallel transmission. The PHY III level of IEEE 802.15.7 suggests a color shift keying (CSK) modulation scheme to transmit the data by modulating red, green and blue using signal constellation design [5] . A group of researchers presented the modulation of a single color of RGB LEDs, while maintaining the levels of other two colors with a view to providing white color for illumination [3] .
Most indoor VLC systems have used a simple on-off keying (OOK) signaling format [1] or multi-level pulse amplitude modulation (MPAM) [3] or multicarrier code division multiple access (CDMA) based scheme [10] . Unfortunately, these schemes are not suited to higher data rate transmission, since the bit duration needs to be as small as possible for higher data rates. This small bit duration would then be more susceptible to inter-symbol interference (ISI) due to multiple reflections in an indoor VLC environment. To lessen the deleterious effect of ISI due to multiple reflections, forward error correction based VLC systems were reported [11] . An another approach to solving this ISI problem includes optical orthogonal frequency division multiplexing (OFDM), which can be seen as the state-of-the-art modulation technique for higher data rates as it is resilient to the effect of ISI [12] , [13] . However, this high data rate can be achieved at very high signal-to-noise ratio (SNR) values and the problem of high peak to average power ratio (PAPR) prevails in OFDM. In counteracting the ISI, spatial diversity techniques were also reported in [14] . For a reasonable spatial diversity gain, these techniques require the detectors to be physically separated at a considerable distance. Similarly, aperture averaging techniques require the receiver aperture to be sufficiently large [15] . Therefore, these schemes would make the system bulky, complex, and not always feasible in indoor VLC environments.
In order to improve the data rate and the performance with the effect of ISI mitigated significantly, we propose a scheme that transmits the original data and the delayed versions of this data simultaneously by multiplying with orthogonal frequency. That is, it is a double optical diversity (DOD) scheme in time and frequency. In order to increase the speed, DOD is combined with parallel transmission using different colors of RGB LEDs and subsequent selection combining (SC) at the receiver [16] . Therefore, the proposed scheme does not require physically separated detectors to garner diversity gain as such.
In the proposed scheme, the data stream is first divided into parallel substreams that are transmitted using three different colors of a RGB LED. Each data substream and its two delayed versions are then modulated by multiplying with orthogonal frequency. All three modulated data substreams are added and provided with DC bias. This composite signal is then transmitted using a single color of LED. Similarly, the other data substreams are also transmitted using different colors. At the receiver, color filters are installed for the signal transmitted using specific colors. SC is performed at the receiver to obtain the most probable bits. Simulations are performed to evaluate the effectiveness of the proposed scheme and it is found that the proposed scheme is efficient in terms of bit error rate (BER) performance and achievable data rate. The proposed scheme provides a link margin of approximately 10 dB, compared with conventional OOK modulation scheme at a BER value of 10 À6 [1] . The proposed scheme is also superior in terms of its simplicity and low-cost for a reasonable diversity gain.
Section 2 provides details about the proposed scheme and simulation results are presented and discussed in Section 3. Conclusion are drawn in Section 4.
Double Optical Diversity Scheme
As noted earlier, the DOD entails time and frequency diversity to exploit the diversity effect. Time diversity scheme has the advantage of simplicity and low cost to achieve a reasonable diversity gain, compared to schemes such as adaptive optics or forward error correction [17] . The benefits of the time diversity are, however, achieved at the expense of data rate reduction. To compensate for this decreased date rate, the present scheme employs RGB LEDs, thereby achieving a high data rate and high performance VLC.
Indoor VLC Environment
To demonstrate the proposed scheme, we consider an indoor VLC environment of dimension 5 m Â 5 m Â 3 m ðL Â B Â HÞ composed of four LED arrays (transmitters). Fig. 1 shows the considered indoor VLC environment.
In an indoor VLC environment, it can be observed that the amount of the reflected light is small, when compared with the direct light and thus the propagation delay, p , is found to be between 2 and 10 ns [1] . However, it is true that the maximum propagation delay depends on the geometry of the room and wall material. Therefore, the bit duration needs to be adjusted accordingly, if the ISI is sought to be avoided [1] . Each data substream and its two delayed versions are passed through a pulse shaping function gðt Þ and then modulated by multiplying with orthogonal frequencies, f 1 , f 2 , and f 3 . All three modulated substream signals are then added and provided with DC bias to produce composite signals, i.e., m r ðtÞ, m g ðtÞ, and m b ðt Þ. These signals are passed through an optical driver circuit that includes digital-to-analog converter (DAC). In the present scheme, it is assumed that the optical driver circuits are designed to take care of the effect of clipping and other practical concerns, including the operating region of a LED. Finally, the composite signals are transmitted using three different colors of RGB LEDs.
Transmitter Structure
It is important to note that the amount of the delay at the delay paths in Fig. 2 (a) must be chosen to ensure that three parallel substreams undergo independent transmission in the indoor environment. For the convenience of analysis, we consider the signal propagation up to the first reflection only and therefore the value of p is confined to 2 ns [1] . The bit duration T b is kept as Fig. 1 . Indoor VLC environment.
1 ns, resulting in the bit rate R b of 1 Gbps. During our analysis, it is assumed that ! p and the minimum required buffer size R b , i.e., 2 bits, is ensured prior to transmission.
The data carrying signal m c ðt Þ is given by
where ð:Þ 2 ½0; 1, V represents the value of DC bias provided to the composite signal, and f k represents orthogonal frequencies separated by Áf for k 2 ½1; 2; 3. In the present simulation, the frequency f 1 is kept to 0.5 GHz and Áf is kept as 0.5 GHz. This is because frequency separation must satisfy orthogonality condition Áf ¼ n=2T b 8 n 2 Z þ , which is the minimum frequency separation condition for coherent detection. It is important to note that the chosen frequencies must be practical in view of an optical modulation bandwidth of an LED. Since the maximum modulation bandwidth of an LED is 1.7 GHz, the chosen frequencies of f 1 , f 2 , and f 3 are justified [9] . Further, Fig. 2(b) shows the frequency responses of a RGB LED obtained from the equation presented in [18] with approximate radiative lifetimes provided in [9] . It can be observed that the frequencies employed are adequate and practical.
The average power of the signal, P avg , can be given by
where T b represents the bit duration, gðt Þ is the pulse shaping function, and A is the amplitude of the signal. The actual signal waveforms of the transmitter are shown in Fig. 3 .
Receiver Structure
At the receiver, the received signal can be modeled as [19] 
where R ¼ q=hc is the photodetector's (PD) responsivity, h is the Plank's constant, is the detector quantum efficiency, q is the electronic charge, I is the received optical irradiance, the radiation wavelength is , and c represents the speed of light in vacuum. is the modulation depth/index and n G ðt Þ is the additive white Gaussian noise (AWGN) with variance 2 . The total noise variance 2 can be given t is thermal noise variance. Since the dark current, the quantum noise and the relative intensity noise are too small, we neglect the effect of these impairments. It is worth noting that there are three demodulators associated with every PD and thus 2 t is multiplied by 3 in (4). The block diagram of the receiver is shown in Fig. 4(a) . The three receivers are installed for receiving the data from three different colors. The color filters are installed prior to each receiver to filter out the signal transmitted using other colors. Each receiver is equipped with three PDs. The received signal from each PD is then passed through the demodulator.
The standard RF coherent demodulator is employed to extract the reference carrier needed to convert down the received signal to baseband. The sum of all three paths is then fed into the decision circuit. The block diagram of this demodulator is shown in Fig. 4(b) . At this point, the signal-to-noise ratio (SNR) per bit Çð " IÞ can be derived as
where 2 is the total noise variance (see (3)), and P avg is the average power. Once the demodulated signal from each PD is obtained, SC is performed by comparing the data from all PDs for the detection of the most probable bit among the three candidates [16] , i.e., d c ðt Þ 8c 2 ½r ; g; b. The signals from three color paths are then multiplexed to produce the estimated datad ðtÞ. The BER ðP e Þ can be obtained by comparing the transmitted data d ðt Þ and the estimated datad ðtÞ. 
where N e ½d ðt Þ;d ðt Þ represents the number of bits in error between d ðt Þ andd ðt Þ, and N T represents the number of transmitted bits. For a given error rate ðP e Þ, the maximum achievable data rate ðÇ m Þ can be defined as [20] :
where R max represents the maximum data rate for the system concerned and BER m denotes maximum tolerable BERs. It is apparent from (7a) that the system can achieve the maximum data transmission rate over error free transmission, i.e., P e is equal to 0. Since it is not possible to achieve error free transmission, the maximum tolerable BERs, i.e., BER m , can be defined for various applications. As an example, the value of BER m can be set to 10 À3 for voice transmission and 10
À6 for multimedia transmission.
Results and Discussions
To verify the effectiveness of the proposed scheme, MATLAB simulations were performed with the parameters shown in Table 1 . Fig. 5(a) shows the illumination distribution in an indoor environment obtained by calculating horizontal illuminance at point (x , y ) at each point over the receiver plane, calculated using the equation described in [20] . It is obvious that the proposed LED setup provides sufficient illuminance of 950 to 1350 lx, defined by ISO [1] , over the entire room. We also performed simulations for the distribution of the SNR per bit in the same indoor environment, calculated using (5) at various locations of the indoor environment. Fig. 5(b) shows the distribution of SNR per bit over the entire room. It can be seen that the received SNR per bit is equally distributed over the entire room except for the far corners.
In the analysis of the proposed scheme, we conducted a comparative study with representative transmission schemes in VLC: conventional OOK [1] , M-quadrature amplitude modulation DC biased optical OFDM (M-QAM DCO-OFDM) [13] , and the most recent color clustered multiple-input multiple-output (MIMO) scheme [16] . The results of this comparative analysis are shown in Fig. 6(a) . It should be noted that for a fair comparison between the proposed scheme of DOD and different modulation schemes, the data rate is kept fixed at 3 Gbps for all the modulation schemes. That is, the bit duration for each modulation format is kept in such a way that the resultant data rate is 3 Gbps. This gives rise to the spectral efficiency of approximately 2 b/s/Hz for all modulation formats. In addition, the number of LEDs and power of each LED are identical for all modulation schemes during the simulation. For M-QAM DCO-OFDM [13] , 256 subcarriers , the proposed DOD scheme achieves an approximately 10 dB gain over the conventional OOK modulation scheme. In addition, the proposed scheme outperforms OFDM and color clustered MIMO by approximately 7.6 dB and 4.4 dB, respectively. It is found that the SC offers an additional 1 dB gain. The BER distribution of the proposed scheme is shown in Fig. 6(b) at the fixed data rate of 3 Gbps.
It is also worth investigating the effect of the number of delay paths in the scheme on the performance of the system. Fig. 7 shows the performance comparison. It is apparent that the more delay paths it employs, the better the performance yields. It can be seen, however, that the performance improvement diminishes as the number of delay paths increases from 2 to 3. The SNR improvement from 2 to 3 paths is merely 0.11 dB, while the gain from 1 to 2 paths is 1.2 dB, all at the reference BER performance of 10 À6 . That is, the principle of diminishing return occurs, indicating that a further increase in the number of delay paths does not garner proportional BER improvement. Hence, the 2-delay path based DOD appears to be most appropriate, producing significant performance enhancement.
Based on (7a), it would be of interest to find the maximum achievable data rate. The data rate distribution across the room is shown in Fig. 8(a) . The scheme achieves a data rate of 3 Gbps over the entire indoor environment except for the far corners, while keeping the BER value to 10 À3 . Even when BER is fixed at 10 À6 , the data rate of 3 Gbps is still achieved at most locations as shown in Fig. 8(b) .
Therefore, it can be concluded that the proposed DOD offers a data rate of 3 Gbit/s with high performance over most locations of the underlying indoor environment, presenting its robustness and efficiency with a significant link margin.
Conclusion
A novel double optical diversity scheme coupled with selection combining has been proposed. The proposed scheme provides a high-speed and high-performance indoor VLC in that it offers a link margin of approximately 10 dB as compared to the conventional OOK modulation scheme at a BER of 10 À6 . It also outperforms OFDM and the most recent color clustered MIMO by 7.6 dB and 4.4 dB, respectively. It is found that over the entire room except for the far corners, the proposed scheme ensures a data rate of 3 Gbps at a BER value of 10 À6 . Therefore, it is apparent that the proposed scheme presents robustness and efficiency in terms of data rate and BER performance.
